Kingdom (Appendix 1). The central axis, which is of pure fungal origin (haploid), was manually separated and used for DNA extraction with the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany), according to the manufacturer's protocol. Library preparation and whole genome 454 pyrosequencing of pooled DNA samples was performed by Microsynth (Balgach, Switzerland) using a Roche GS FLX sequencer to generate enough random sequences and to isolate a suffi cient number of microsatellite loci. Shotgun libraries were prepared using the GS FLX Titanium Rapid Library Preparation Kit (Roche Diagnostics, Basel, Switzerland), and Microsynth provided barcode adapters. We obtained 85,718 reads with an average length of 391 bases and a total of 27,344,042 bases out of a 2/16th run. We screened for all sequence motifs of di-, tri-, tetra-, and pentanucleotide microsatellites in the unassembled reads using MSATCOMMANDER 1.0.2 alpha ( Faircloth, 2008 ) . Microsatellites with motifs repeated at least eight times (for di-and trinucleotides) or six times (for all others) were selected. Primer pairs were developed with Primer3 ( Rozen and Skaletsky, 2000 ) , implemented in the software MSATCOM-MANDER 1.0.2 alpha using the default parameters except for the following: optimal primer size 20 bp, product size 150-450 bp, melting temperature ( T m ) 58-65 ° C. We found 132 primer pairs that fulfi lled the specifi ed primer parameters, but 68 pairs were later discarded either because they were duplicates, which were detected after alignment using CLC DNA Workbench 5 (CLC bio, Aarhus, Denmark), or because they contained mononucleotide repeats in the fl anking region.
Additionally, we set up axenic algal cell cultures of the photobiont of U. subfl oridana to assess the symbiont specifi city of the newly designed markers. The culture was established under sterile conditions on 1/4 of strength of original Trebouxia Organic Nutrient Medium-I according to Ahmadjian (1967) . Algal cells were taken from the algal layer of U. subfl oridana thalli and inoculated on the medium. The cultivation took place under diurnal light (12 h) and darkness (12 h) for four months before the algal culture was harvested and deposited at the Swiss Federal Research Institute WSL (cultures TTA1 and TTA2) at −80 ° C. Algal cells were disrupted and DNA was extracted with MO BIO PowerPlant DNA Isolation Kit (MO BIO Laboratories, Carlsbad, California, USA) according to the manufacturer's protocol. The three loci that produced positive PCR reactions were excluded from further analyses because http://www.bioone.org/loi/apps they were considered alga-specifi c rather than fungus-specifi c. For PCR amplifi cation, forward primers were labeled with an M13 tag (5 ′ -TGTAAAACGAC-GGCCAGT-3 ′ ) ( Schuelke, 2000 ) . PCR reactions were performed in a total volume of 10 μ L containing 1 μ L of ~1-5 ng genomic DNA, 0.5 μ L of 5 μ M forward and reverse primers, and 2 × Type-it Multiplex PCR Master Mix (QIAGEN). All PCRs were performed on Veriti Thermal Cyclers (Life Technologies, Carlsbad, California, USA). The PCR reactions were assessed using a temperature gradient with one-degree increments from 56-61 ° C, and under the following conditions: denaturation for 5 min at 95 ° C, followed by 33 cycles of 30 s at 95 ° C, 90 s at 56-61 ° C, and 30 s at 72 ° C; then for the M13-tag binding an additional eight cycles of 30 s at 95 ° C, 90 s at 53 ° C, and 30 s at 72 ° C, with a fi nal extension of 30 min at 60 ° C were run.
Only primers failing to amplify with DNA extracted from the axenic algal culture were considered of fungal origin. These 61 primers were tested for variability under the same conditions as above and using the total DNA of eight specimens of U. subfl oridana collected from EVO population from southern Estonia (Appendix 1), resulting in 14 loci with satisfactory amplification. Cross-species amplifi cation of two closely related species ( Saag et al., 2011 ) was tested with 12 specimens of U. glabrescens (Vainio) Vainio and 14 specimens of U. wasmuthii Räsänen, which were collected from the same site. Approximately 50 mg dry weight of each lichen thallus was lyophilized overnight and ground in a Retsch MM2000 mixer mill (Düsseldorf, Germany) for 3 min at 30 Hz, and total DNA was extracted with the same procedure as the algal cells.
To characterize the 14 polymorphic U. subfloridana loci ( Table 1 ) , we analyzed PCR products of 174 individuals from three populations ( Table 2 , Appendix 1). Fluorescent forward primers were used for the PCR protocol and the reaction was adjusted to: 5 min at 95 ° C, followed by 28 cycles of 30 s at 95 ° C, 90 s at 57 ° C, and 30 s at 72 ° C, with a final extension of 80 min at 60 ° C. PCR products were multiplexed ( Table 1 ) and run on a 3130xl DNA Analyzer with GeneScan 500 LIZ Size Standard (G5 dye set) for fragment analysis (both by Life Technologies). Alleles were determined using GeneMapper version 3.7 (Life Technologies). To characterize the variability of each microsatellite locus, we counted the number of alleles and calculated Nei's unbiased gene diversity using Arlequin version 3.11 ( Excoffier et al., 2005 ) .
Sequences of the 14 polymorphic loci were deposited in GenBank as they appear in the original pyrosequencing sample ( Table 1 ) . Five loci (Us10-Us14) had more than 10% of null alleles, possibly because of mutations in the primer regions, and were therefore omitted from the population analyses. The nine microsatellite loci that had no null alleles (Us1-Us9) produced three to 15 alleles per locus with a mean of 8.78. Nei's unbiased gene diversity, averaged over nine markers, ranged from 0.64 to 0.67 ( Table 2 ) . After PCR optimization for the annealing temperature ( Table 1 ) , all nine primers successfully amplifi ed and were polymorphic in U. subfl oridana , U. wasmuthii , and U. glabrescens , except marker Us07, which showed no polymorphy in U. glabrescens . As is often the case in populations of highly clonal organisms such as lichens ( Walser et al., 2004 ; Dal Grande et al., 2012 ) , signifi cant linkage disequilibrium was found using Arlequin version 3.11 in 41 U. subfl oridana distinct multilocus genotypes for two pairs of markers (i.e., Us02-Us06 and Us05-Us08).
CONCLUSIONS
The manual separation of the purely fungal central axis of the genus Usnea did not provide pure fungal DNA as expected. This preparation led to mixed DNA of the two fungal and algal symbionts and thus symbiont-specifi city of genetic markers has to be tested in lichens ( Devkota et al., 2014 ) even if lichens contain purely fungal plectenchyma. The newly developed, highly variable fungus-specific markers are currently being Note : A = number of alleles; H e = Nei's unbiased gene diversity; n = total number of samples analyzed.
a See Appendix 1 for populations used in the study.
